Background
Irregular and unconsolidated sleep is common among individuals with Alzheimer's disease and related dementias (ADRD). In addition to being problematic for the person with ADRD, these sleep problems, together with associated agitation and depression, place a significant burden on caregivers. Consequently, these behaviours are frequently the basis for moving individuals with ADRD from private residences to long-term care facilities, and from assisted living settings to nursing homes. The psychological and financial costs of these transitions to more controlled environments can be high.
Presumably these adverse sleep effects are caused, or at least exacerbated by irregular or inadequate 24-hour light-dark exposure patterns that disrupt circadian regulation. Consistent with this idea, several research studies have demonstrated that daytime bright light exposure can consolidate sleep at night and increase nighttime sleep efficiency, whilst increasing daytime wakefulness and reducing evening agitation in persons with ADRD. [1] [2] [3] [4] Although these studies show positive effects of daytime bright light treatment on sleep, cognition and behaviour, others have failed to show any effect. 5 A recent Cochrane review, for example, states that that there is not enough evidence to conclude that bright light treatment during the day is effective at improving sleep in persons with ADRD. 6 After visiting several nursing homes, we observed that residents with ADRD spend most of their waking hours in their rooms alone or, more commonly, they are brought together into a common area because nurses find it easier to provide personalised care. We also observed that these common areas tend to be dimly illuminated. We hypothesised that the negative results reported in the Cochrane review may simply reflect the use of ineffective bright light delivery methods during the day that would be required for circadian system regulation. With this in mind, we also observed that residents with ADRD in common areas often sat together around a table for many hours. We hypothesised that a self-luminous light table designed to provide high circadian light stimulation during daytime hours might be practical and effective at regulating circadian rhythms and thereby improve sleep outcomes for these residents. The goal of the present study was to test this hypothesis in an actual clinical setting.
Method

Participant selection
Six participants with ADRD living in a nursing home were recruited for the study (four females; mean age was 84 AE 8.6 years). The mean Brief Interview for Mental Status (BIMS) score of the participants was 5.3 AE 1.9. Scores between 0 and 7 suggest that residents are severely impaired and scores between 8 and 12 suggest that residents are moderately impaired. All study materials and procedures were reviewed and approved by the Institutional Review Board at Rensselaer Polytechnic Institute. Informed consent was obtained from participants' family members after full explanation of the procedures, in accordance with the Declaration of Helsinki. 7 
Experimental protocol
The experiment comprised a baseline week, four intervention weeks with an energised self-luminous light table, and four pos-tintervention weeks after the light table was removed from the facility. After the baseline week, the self-luminous light table was installed in a common area and remained there for four weeks. The common area did not have direct access to daylight and was lit by 60 Â 120 cm fluorescent light fixtures, delivering less than 50 lx at eye level. The light table was placed on a timer and operated during daytime from 7:00 a.m. to 6:00 p.m. Upon waking, caregivers directed the participants to the light table for breakfast.
Although they were allowed to get up and walk around the facility during the day, our observations were that participants remained sitting at the light table for most of the day. Lunch and dinner were also served at the light table. Participants were taken back to their rooms after dinner, where they stayed until the following morning.
A device that continuously measured light and activity was placed on the nondominant wrist at the start of the baseline week, immediately after the participants were selected and signed consent documents had been collected. Light and activity data were collected for seven consecutive days during the baseline, intervention and post-intervention periods. All caregivers were instructed to keep the device on the participants for the entire day and night, except when showering. They were also asked to ensure that blankets and long-sleeve sweaters and shirts did not cover the device.
The primary, nighttime caregivers completed standardised questionnaires related to observed sleep quality, depression and agitation at the end of the baseline week, after the four intervention weeks and after the four post-intervention weeks. The nightshift caregivers who completed the standardised questionnaires were blind to the purpose and operation of the light table intervention.
Light intervention
Custom self-luminous tables were built for the study from 178 cm (70-in) LED edge-lit televisions ( Figure 1 ). The flat panel display was incorporated into a t-slotted aluminum frame (MiniTec Framing Systems, Victor, NY) that allowed it to be used as a light table. A protective clear acrylic sheet (0.64-cm thick) was attached to the top of the frame.
Spectroradiometric measurements were performed in the laboratory. Measurements at 12 different points on the surface of the table (4 Â 3 grid) were taken with a spectroradiometer (Photo Research SpectraScan PR 740) placed at eye level at 46 cm from each of the points on the table. Figure 2 shows the average spectral irradiance distribution of the measurements at the 12 points. The measured photopic illuminance at 46 cm was 1190 lx when the sensor was placed perpendicular to the plane of the table surface and 2780 lx when it was oriented towards the centre of the table.
The model of human circadian phototransduction proposed by Rea et al. 8, 9 was used to estimate the circadian-effective light potentially available to participants during daytime operation of the self-luminous light table. At 2780 lx, the light table would provide a circadian stimulus (CS) value of 0.5. A CS value of 0.7 is the highest possible, indicating that the light table could deliver very high levels of circadian-effective light. 10 CS is directly proportional to nocturnal melatonin suppression after one-hour exposure (0-70%). 10 A value of 0.7 is comparable to morning daylight exposure.
Outcome measures
Personal light exposure and activity levels
The Daysimeter is a small device that continuously records light-dark patterns (using red, green and blue [RGB] sensors) and is calibrated in units of photopic illuminance (lux), circadian illuminance (CL A ) and CS, which characterises both the spectral and absolute sensitivities of the human circadian system. 11 Rest-activity patterns are also recorded from a three-axis, monolithic solidstate accelerometer calibrated in g-force (1 g force ¼ 9.8 m/s 2 ) with an upper frequency limit of 6.25 Hz. An activity index (AI) is determined using the rest-activity data. 11 
Sleep analyses
The Daysimeter activity data were used to estimate percent sleep time and sleep efficiency. Percent sleep time was defined as the sum of epochs scored as sleep multiplied by the total epoch length and then divided by the assumed sleep time as determined by the actigraphy data. Sleep efficiency was defined as total sleep time divided by the total amount of time in bed. Sleep start was defined as the first 10-minute period with one or less epochs scored as mobile. Similarly sleep end was defined as the last 10-minute period with one or less epochs scored as mobile. Due to low compliance rates, the activity data were not evaluated for the post-intervention period and are not discussed.
Standardised questionnaires
The following questionnaires were administered to assess subjective sleep quality, 13 CSDD is a 19-item tool designed to rate symptoms of depression in persons with dementia. This tool evaluates the presence and extent of mood-related signs (anxiety, sadness, irritability), behavioural disturbances (agitation, loss of interest), physical signs (loss of appetite, weight loss), cyclic functions (mood variation, sleep quality) and ideational disturbances (suicidal thoughts, poor self-esteem); (3) Cohen-Mansfield Agitation Inventory (CMAI). 14 The purpose of the CMAI is to assess the frequency of manifestations of agitated behaviours in elderly persons. The CMAI is a caregivers' rating questionnaire consisting of 29 agitated behaviours, each rated on a 7-point scale.
Results
Daysimeter data
Complete data were available from four participants during baseline and intervention periods and these data are reported here. Two-tailed Student's t-tests were performed comparing data obtained during the baseline week and during the four intervention weeks.
Light exposure
The intervention increased the CS values measured by the Daysimeter, but this increase was not statistically significant (p ¼ 0.15). The mean and standard deviation CS of participants at baseline and during the intervention period were 0.04 AE 0.005 and 0.08 AE 0.02. More importantly, the absolute values were too low to be representative of corneal light exposures, most likely because the wrist-worn device was below the self-luminous light table (Figure 1 ) and did not record the light at the cornea.
Actigraphy
Percent sleep significantly (t ¼ 3.9; p ¼ 0.02) increased during the intervention weeks. Table 1 provides the data for the individual participants obtained during baseline and intervention periods. Sleep efficiency increased during intervention weeks, but this difference did not reach statistical significances.
Questionnaire data
Complete data for all six participants were obtained. Compared to baseline, light exposure significantly reduced depression scores from the CSDD (t ¼ 5.2; p ¼ 0.003) and agitation scores from the CMAI (t ¼ 2.6; p ¼ 0.046). Both depression and agitation scores remained significantly lower after post-intervention compared to baseline (t ¼ 3.9; p ¼ 0.01 and t ¼ 3.6; p ¼ 0.01, respectively), suggesting a carryover effect of the light intervention. Compared to baseline, the PSQI scores decreased during the intervention, suggesting an improvement in sleep quality, consistent with the sleep analyses, but this difference did not reach statistical significance (t ¼ 1.8; p ¼ 0.13). Table 2 provides the questionnaire data for the individual participants obtained during baseline, intervention and post-intervention periods.
Discussion
Consistent with previous reports, 1,15-17 the present results add to the literature showing that bright, daytime light exposures promote circadian regulation in persons with ADRD, helping to consolidate nighttime sleep, reduce depression and reduce agitation. From a practical perspective, it should be noted that, consistent with several other studies 15, 17 these data showed significant carryover effects from the light treatment period. Depression and agitation scores and sleep quality were reduced well after the light treatment was removed. This suggests that the light treatment might not have to be delivered every day, enabling caregivers to vary the daily routines of those in their care, as well as their own, without fear of sudden relapse. The increase in sleep percent and sleep efficiency observed in this study as a result of the lighting intervention may be clinically important because recent studies suggest a relationship between sleep efficiency and deposition of fibrillar amyloid b (Ab) in the brain, which is one of the hallmarks of Alzheimer's disease. [18] [19] [20] Although the sample size was small for this study and replication in a larger population is warranted, it is important to note that, as shown in Tables 1 and 2 , most, if not all of the participants exhibit a change in the outcome measures consistent with the hypothesised direction. In fact, the statistically significant effects of the light treatment based upon the small sample size should be considered an asset for generalisation of the findings that daily, bright light treatment can be an effective intervention to improve the lives of individuals with ADRD and those of their caregivers.
Finally, it should be noted that the questionnaire data obtained in the present study need to be considered with caution because the caregivers that provided responses may not have been completely blinded to the intervention. Although the nighttime caregivers were not likely to know whether the light table had been on during the day, they may have noticed whether or not the participants were wearing the Daysimeter devices and answered accordingly. However, this seems unlikely because the caregivers did not know the purpose of the Table 2 . Mean AE standard deviation (SD) data for the individual participants obtained during baseline, intervention and postintervention periods.
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Baseline Intervention  Post Intervention   PSQI  CSDD  CMAI  PSQI  CSDD  CMAI  PSQI  CSDD  CMAI   1  1 2  1 2  5 3  5  1  3 9  9  9  4 3  2  9  17  73  2  3  29  7  3  31  3  1 1  1 0  5 2  9  0  2 9  7  3  3 8  4  4  5  3 2  8  1  3 0  2  6  3 7  5  14  8  40  6  3  29  3  8  33  6 Self-luminous light table 257 study and were unfamiliar with the instruments prior to the questionnaires. A second important caution stems from the use of proxy data. Proxy data were used, rather than selfreports from the participants themselves, because all participants were moderately to severely demented. It is important to note, however, that the objective measures of sleep (efficiency and sleep percent) from the participants were consistent with the proxy data obtained from the caregivers. Future studies should also include a placebo control condition to minimise potential bias in the subjective data from caregivers.
Conclusion
The present study demonstrated that a selfluminous light table was an effective and practical method to deliver circadian light to improve sleep, mood and behaviour in individuals with ADRD. Two related features of the light intervention probably led to the successful outcomes: (1) the self-luminous light table has the potential to deliver an amount and a spectrum that can strongly stimulate the human circadian system (CS values above 0.5) and (2) the self-luminous light table can be very effective at delivering light to individuals with ADRD because they were commonly observed sitting together around a table with their heads tilted down.
Recognising that the light delivery method is one of the biggest challenges for successful light treatment, the self-luminous light table tested here is probably a highly effective and practical way to improve sleep and reduce mood disorders for individuals with ADRD living in controlled environments or at home.
